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Societal Impact Statement
Industrial activity has left a legacy of pollution by radionuclides and heavy metals. 
The exposure of terrestrial environments to increased levels of ionising radiation and 
toxic elements is of concern, not only because of the immediate effects to biota but 
also because of the potential risk of mobilisation into higher levels of a food chain. 
Here, we present a study that extends our knowledge of how arbuscular mycorrhi-
zal fungi contribute to the mobilisation of non- essential elements in environments 
such as former mine sites, and provides a perspective that will be of interest for the  
management and remediation of such sites.
Summary
• Accumulation and transfer of long- lived radionuclides and toxic metals in terres-
trial environments is of major concern because of potential mobilisation into food 
chains. In this study, we aimed to compare the role of four different arbuscular 
mycorrhizal fungal (AMF) cultures on the transfer of non- essential elements into 
Plantago lanceolata from a naturally contaminated soil source.
• Soil from an abandoned uranium (238U) mine was collected as a natural source of 
238U, thorium (232Th), arsenic (As) and lead (Pb). P. lanceolata was inoculated with 
four AMF cultures (Rhizophagus irregularis DAOM181602, Acaulospora longula 
BEG8, Scutellospora calospora BEG245 and Funneliformis mosseae BEG12) to com-
pare the uptake and transfer from root to shoot. Inductively coupled plasma (ICP) 
mass spectroscopy and ICP- absorption emission spectroscopy analyses provided 
quantification of total elemental concentrations in soil and plant tissues.
• Two of the AMF cultures, A. longula and F. mosseae, had contrasting roles in toxic el-
ement partitioning in plant tissue of P. lanceolata. F. mosseae increased the accumu-
lation of 238U, 232Th, Pb, As and Cu in shoots whereas A. longula induced increased 
partitioning of 232Th, Ca, Fe and Zn in roots. The inoculation treatments and the dif-
ferential accumulation of these elements had no significant effect on plant biomass.
• The use of different AMF cultures in enhancing phytoremediation of contami-
nated environments requires a wider understanding of the contribution of differ-
ent AMF cultures to non- essential element acquisition as well as to plant nutrition.
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1  | INTRODUC TION
Understanding the mechanisms of transfer and bioaccumulation of 
inorganic pollutants such as non- essential metals and radionuclides 
into biota is important to assess the toxicological risks of these ele-
ments to the environment and to human health. Anthropogenic ac-
tivities such as mining and agri- chemical usage have led to greater 
exposure in natural environments to potentially toxic metals and 
metalloids, such as lead (Pb) and arsenic (As), and radionuclides 
including uranium (U) and thorium (Th). In terrestrial ecosystems, 
plants are primary producers and are therefore an entry point for 
toxins within an ecosystem (Declerck et al., 2003). Methods to 
determine the risks of trophic transfer of such elements typically 
involve simple measurements from field samples but often lack an 
integrated analysis of the path that elements follow from soil into 
the trophic chain (Beresford et al., 2008; Willey, 2014).
238U and 232Th are two of the most common isotopes occurring 
in the Earth's crust. They have no known biological function but ac-
cumulation within organisms can be damaging due to radioactivity 
and chemotoxic effects (Saenen et al., 2013). In uncontaminated ter-
restrial environments, U and Th concentration in plants is low, while 
in environments with elevated concentrations (either naturally or by 
human activities) plants are able to accumulate radionuclides into 
their cells (Davies et al., 2018; Shtangeeva, 2010). Investigations of ra-
dionuclide transfer into plants often ignore the role that soil microbi-
ota has on this process despite the fundamental symbiotic interaction 
between many plant species and arbuscular mycorrhizal fungi (AMF; 
Davies et al., 2015). AMF (Glomeromycota; Redecker et al., 2013— 
also classified as Glomeromycotina; Spatafora et al., 2016) colonise 
most land plants and can facilitate the transfer of essential nutrients, 
such as phosphorus (P), allowing plants to be competitive in their 
environment (Schüßler & Walker, 2011; Smith & Read, 2008). While 
many previous studies have examined the roles of AMF on plant nu-
trient acquisition and growth improvement, more recent studies have 
considered the functional diversity of AMF, their influence on plant 
communities and host stress tolerance, including the possibility of 
providing protection against toxic element accumulation (Helgason 
et al., 2002; Sánchez- Castro et al., 2017; van der Heijden et al., 2014).
Previous studies have indicated that AMF associations, espe-
cially with Rhizophagus irregularis, can lead to increased concentra-
tion of U in root tissues, and may contribute to phytostabilisation of 
U by reducing concentration within the root symplast and restricting 
uptake into plant shoots (Chen et al., 2008; Rufyikiri et al., 2004). 
This suppression of shoot transfer may be due to U sequestration 
into AMF vesicles and spores (Weiersbye et al., 1999). However, it is 
unclear exactly how important AMF association is in suppressing U 
bioaccumulation in contrast with abiotic factors; for example, trans-
location of U is strongly dependent on soil pH conditions (Rufyikiri 
et al., 2002), while increased soil P availability can reduce U trans-
location into plant shoots (Chen, Jakobsen, et al., 2005). Therefore, 
further examination into the potential role of AMF as a pathway for 
non- essential element transfer into plants is needed.
The aim of this study was to examine the transfer of naturally oc-
curring radionuclides (238U and 232Th) as well as other non- essential 
elements (As and Pb) into plants via the action of AMF species, and 
assess these in comparison to essential elements. The hypothesis 
was that AMF would significantly influence the transfer of non- 
essential elements into the host plant but that different fungal cul-
tures would elicit different responses. We have made use of Plantago 
lanceolata as a host plant, and four AMF species: R. irregularis, a 
commonly used ‘model’ AMF, and Acaulospora longula, Funneliformis 
mosseae and Scutellospora calospora, which are found in UK locations 
and thus relevant to this study. We used natural soil from a U mine 
site containing elevated concentrations of 238U and 232Th as well as 
other essential and non- essential elements (Davies et al., 2018).
2  | MATERIAL S AND METHODS
2.1 | Plant material and AMF culture propagation
Plantago lanceolata seeds (Emorsgate Seeds) were surface sterilised in 
10% (v/v) sodium hypochlorite, 0.5% (v/v) Triton- X100 for 10 min fol-
lowed by rinsing in sterile Milli- Q water (Millipore) before being sown. 
Seeds were left to germinate and grow for 4 weeks in 1:1 (v/v) au-
toclaved mixture of Terra Green (oil- dri.co.uk) and lime- free washed 
fine grade silica sand (Royal Horticultural Society). Plants were grown 
in a Panasonic versatile environmental chamber (MLR- 352- PE) set to 
40 μmol m−2 s−1 illumination, 16 hr light at 22°C and 8 hr dark at 15°C.
The following AMF cultures were used: R. irregularis (strain 
DAOM181602/DAOM197198/MUCL43194; Stockinger et al., 2009) 
was obtained from SYMPLANTA as a spore- based, ready to use prod-
uct mixed within a diatomite powder carrier material. A. longula (strain 
BEG8), F. mosseae (strain BEG12) and S. calospora (strain BEG245) 
were obtained from the International Bank for the Glomeromycota 
and are collectively referred to as ‘BEG cultures’. Each of the BEG 
cultures were propagated and maintained in a 1.5 L pot containing a 
P. lanceolata plant in 1:1 Terra Green/sand mixture, and were grown 
for 6 months in the growth conditions as described above.
2.2 | Preparation of the two- compartmental 
growth system
The radionuclide and metal contaminated soil was collected in 
September 2017 from the ore processing area of the disused South 
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Terras U mine site in Cornwall, UK. The general soil characteristics 
and conditions of the site were described in Davies et al. (2018); 
mean soil pH was 4.8, and there was higher than average (for a typi-
cal UK sandy soil) concentration of 238U, 232Th, As and Pb (Table 1). 
South Terras soil was sieved to remove large particles and stones. 
The non- contaminated, low nutrient (Table 1) Henfaes sandy soil 
was collected in April 2015 from the Henfaes Research Centre, 
Bangor, UK. Six small sub- samples of each soil were taken for de-
tailed chemical analysis (see Section 2.4) while the rest of the soil 
was used for preparing the two- compartment system. Both sets of 
soil were sterilised by gamma irradiation at 30– 45 kGy at the Dalton 
Cumbrian Facility, University of Manchester, UK. Fine grade silica 
sand was autoclaved twice for 1 hr at 130°C with at least 1 day rest 
period between cycles.
An experimental exposure and growth system composed of 
Compartment A (CA) and Compartment B (CB) was modified from 
previous designs by Smith (2003) and Chen, Jakobsen, et al. (2005; 
Figure 1). CB consisted of a 75 ml polypropylene vial containing 50 g 
of South Terras soil with 20 g of autoclaved Terra Green placed on 
top as a buffer zone. The vial was sealed with nylon mesh (Sefar Ltd), 
either a coarse mesh (CM) of 700 μm pore size or a fine mesh (FM) of 
35 μm pore size. Parafilm (Sigma Aldrich) was used to fix the mesh to 
the vials. CB was placed with the mesh on one side within CA, which 
consisted of a non- draining 1 L plastic pot containing a 2:1 (v/v) mix-
ture of silica sand and Henfaes sandy soil.
Two 4- week- old P. lanceolata seedlings were transplanted into 
each container, directly into CA. For the R. irregularis treatments, 5 g 
of inoculum containing spores were mixed into the CA substrate. 
The reciprocal non- mycorrhizal (control- 1) treatment received no R. 
irregularis inoculum but did receive the equivalent amount of car-
rier material used for the inoculum. For the BEG culture treatments, 
60 g of previously prepared inoculum (see Section 2.1), which in-
cluded root fragments, spores and mycelium were mixed into the 
CA substrate. The BEG culture treatments included a separate non- 
mycorrhizal (control- 2) treatment. For each treatment there was 
a FM version and a CM version, and there were six replicates per 
treatment, and so in total there were 12 R. irregularis inoculated pots, 
12 control- 1 pots, 12 pots for each BEG culture and 12 control- 2 
pots (72 pots overall). All treatments were incubated under con-
trolled conditions as described in Section 2.1. Pots were randomly 
distributed in the growth chamber and rotated weekly. Watering 
was carried out weekly by weighing the pots and maintaining the 
water holding capacity at approximately 55%.
2.3 | Harvest and sample preparation
Plants inoculated with R. irregularis (and from control- 1 pots) were 
harvested after 8 weeks and plants inoculated with BEG cultures 
(and from control- 2 pots) were harvested after 12 weeks, because 
preliminary experiments showed that BEG culture association with 
P. lanceolata was slower. During harvest, plants and CB vials were 
carefully removed from CA. Roots and shoots were separated with a 
scalpel blade, rinsed with Milli- Q water, and dried with tissue paper. 
All shoot and root tissues were kept for chemical analysis. A small 
portion of root tissue from FM treatments was retained for AMF 
staining. Root tissue from CM treatments was distinguished be-
tween root tissue that had not entered CB and root tissue that had 
entered CB. These samples were weighed separately while a small 
portion was retained for staining.
2.4 | Chemical analysis
In preparation for acid digestion, all shoot and root tissue sam-
ples, and soil sub- samples were dried at 70°C for 48 hr. Dry weight 
measurements were recorded. Dried soil was ground by mortar and 
pestle then 0.1 g of soil was placed in borosilicate tubes and incu-
bated in 5 ml of analytical grade 70% (v/v) nitric acid at 140°C for 
3 hr. Dried plant samples (0.1 g) were incubated overnight in 5 ml 
TA B L E  1   Chemical composition of South Terras contaminated soil and Henfaes low phosphate sandy soil
Non- essential elements Macronutrients Micronutrients
South Terras contaminated soil
238U 479.29 μg/g (SD = 77.71) P 1.36 mg/g (SD = 0.11) Cu 0.86 mg/g (SD = 0.21)
232Th 1.33 μg/g (SD = 0.13) K 0.99 mg/g (SD = 0.05) Fe 59.44 mg/g (SD = 3.42)
As 1.79 mg/g (SD = 1.76) Ca 4.8 mg/g (SD = 0.23) Mn 0.45 mg/g (SD = 0.02)
Pb 561.35 μg/g (SD = 39.73) Mg 1.15 mg/g (SD = 0.6) Zn 0.29 mg/g (SD = 0.03)
S 2.01 mg/g (SD = 0.23)
Henfaes low phosphate sandy soil
238U 0.01 μg/g (SD = 0.01) P 0.24 mg/g (SD = 0.06) Cu 2.15 µg/g (SD = 0.57)
232Th 1.46 μg/g (SD = 0.29) K 0.42 mg/g (SD = 0.11) Fe 3.92 mg/g (SD = 1.12)
As 1.67 µg/g (SD = 0.65) Ca 0.08 mg/g (SD = 0.03) Mn 0.09 mg/g (SD = 0.03)
Pb 5.12 μg/g (SD = 1.84) Mg 1.51 mg/g (SD = 0.8) Zn 0.03 mg/g (SD = 0.01)
S Not determined
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of analytical grade 70% (v/v) nitric acid then microwaved in TFM 
vessels in a MARS5 digestion oven. Cooled samples were diluted in 
Milli- Q water and filtered through a 0.45 μm Millipore MCE filter 
before analysis by inductively coupled plasma mass spectroscopy 
(ICP- MS) or inductively coupled plasma absorption emission spec-
troscopy (ICP- AES), as appropriate. Quantification of As, Pb, Th, Ti 
and U was determined by ICP- MS using an Agilent 7700x (Agilent) 
fitted with a collision cell, pressurised with He at a flow rate of 
4.5 ml/min. Quantification of Ca, Cu, Fe, K, Mg, Mn, P, S and Zn was 
determined by ICP- AES using a Perkin- Elmer Optima 5,300 (Perkin- 
Elmer). Certified Reference Standard TM25.5 was used for all ICP 
analyses. Plant root element concentrations reported from ICP anal-
ysis were adjusted with a Ti correction factor (Ti%) to account of the 
soil particles attached to plant tissue exactly as described previously 
(Davies et al., 2018).
2.5 | AMF staining and quantification
The root preparation and staining procedure was as described by 
Koske and Gemma (1989) and Walker (2005). The estimation of the 
proportion AMF structures colonising roots was carried out using 
the intersection method (McGonigle et al., 1990), which records the 
presence and absence of arbuscules and hyphae per intersection. 
This was performed as described previously (Davies et al., 2018) 
except that micrographs were taken under bright field microscopy 
with a GXM- L2800 High Power Microscope and a camera model 
GXCAM- U3.
2.6 | Statistical analysis
Statistical analyses of data were performed using JMP and Origin 
statistical software and graphed using GraphPad PRISM. Two- Way 
ANOVA was performed to examine the interactive effect of AMF 
treatment, either between control- 1 and R. irregularis inoculated 
plant data only (Table S1) or control- 2 and BEG culture inoculated 
plant data only (Table S2), and mesh size. Multiple comparisons 
were performed from the separate 2 level and 4 level ANOVA using 
Tukey's multiple comparison post- hoc test to determine significant 
(p < .05) differences between treatments. Principal component anal-
ysis (PCA) was performed using a matrix of 72 samples (6 replicates 
from 12 treatments including all AMF treatments, both control sets, 
both mesh size treatments) with 13 variables (tissue concentration 
of As, Pb, Th, U, Ca, K, Mg, P, S, Cu, Fe, Mn and Zn) for shoot and 
root tissue separately. All input data were natural log transformed to 
account for order of magnitude variation in concentration between 
some elements).
3  | RESULTS
3.1 | Effect of AMF colonisation on P. lanceolata 
biomass
Arbuscular and hyphal colonisation of P. lanceolata following R. ir-
regularis inoculation was not significantly different between CM and 
FM treatment conditions after 8 weeks of growth, and neither were 
there significant differences in AMF colonisation between CM and 
FM treatments for each of the BEG cultures (A. longula BEG8, F. mos-
seae BEG12 and S. calospora BEG245), and among the BEG cultures 
after 12 weeks of growth (Figures S1– S6). No AMF structures or any 
other fungal structures including other endophytes were observed 
in the roots of non- inoculated control plants.
Shoot dry weight of plants inoculated with R. irregularis was 
significantly lower compared with the control in the CM treatment 
in which both roots and fungal hyphae were able to access the 
nutrient- rich South Terras soil compartment, although there was no 
significant difference in the FM treatment where only fungal hyphae 
could access the South Terras soil (Figure 2a). In contrast, root dry 
weight of the inoculated FM treatment, but not the CM treatment 
was significantly lower than the control (Figure 2c). Moreover, there 
was significantly higher production of root mass in the control FM 
plants than the control CM plants, indicating that plants without ac-
cess to nutrient rich soil and without mycorrhizal association initially 
had enhanced root growth, although only up to 12 weeks of growth 
(Figure 2d). There were no significant differences in shoot dry weight 
between inoculated and control plants for any of the BEG cultures, 
although the A. longula FM treatment was significantly lower than 
the F. mosseae FM treatment (Figure 2b). Only root dry weight of the 
S. calospora CM treatment was significantly lower compared to the 
control but there were no differences between FM treatments on 
the basis of root growth for the BEG cultures (Figure 2d).
F I G U R E  1   Design of the two- compartment cultivation 
system. Compartment A (CA) is a pot containing plants in low- 
phosphate sandy soil and Compartment B (CB) is a vial containing 
contaminated soil from South Terras mine. CB vials are separated 
from CA with either a fine mesh (FM) or a coarse mesh (CM). Roots 
are shown in green and hyphae in red. There are four possible 
scenarios: a control treatment without arbuscular mycorrhizal 
fungal (AMF) inoculation where roots cannot access CB (top left); 
a control treatment without AMF inoculation where roots can 
access CB (top right); a treatment with AMF inoculation where 
only hyphae can access CB (bottom left); a treatment with AMF 
inoculation where hyphae and roots can access CB (bottom right)
ROSAS- MORENO Et Al.|    670
3.2 | Effect of AMF colonisation on radionuclide and 
heavy metal accumulation into P. lanceolata
When the P. lanceolata roots were unable to access the contaminated 
South Terras soil due to the presence of the FM, the concentrations 
of non- essential elements in plant tissues were low, in comparison to 
average concentrations for plants grown directly in this soil (Davies 
et al., 2018). After 8 weeks growth, even when the roots could ac-
cess the contaminated soil (control CM vs. control FM) there was 
no increase in root concentrations of 238U, 232Th, As or Pb, and only 
shoot concentration of As were increased (Figure 3). Furthermore, 
inoculation with R. irregularis had no effect on the concentration of 
these elements apart from increasing As to detectable levels in the 
shoots of FM treatment plants. In contrast, after 12 weeks growth 
and with greater root mass, the CM plants appeared to have more 
efficient access the South Terras soil and showed significantly in-
creased 238U and As concentration in the roots (control CM vs. con-
trol FM, Figure 4b,f), and indeed much higher tissue concentration 
of As compared to the 8 week old plants (Figure 3f vs. 4f), although 
there was no significant difference in shoot concentrations of these 
elements (Figure 4a,e). However, for the FM treated plants, the 
addition of any of the BEG cultures did not increase root concen-
tration of 238U and As. The addition of F. mosseae significantly re-
duced root 238U concentration in the CM treatment (Figure 4b) but 
increased shoot 238U concentration in the FM treatment (Figure 4a). 
The presence of this AMF culture was likewise able to reduce Pb 
concentration in the CM treatment roots (Figure 4h) and increase 
Pb and As concentration in the FM treatment shoots (Figure 4e,g). 
Furthermore, shoot 232Th concentration was high in the FM plants 
inoculated with F. mosseae (Figure 4c). A. longula was the only culture 
F I G U R E  2   Dry weight shoot (a,b) and 
root (c,d) biomass, and shoot (e,f) and root 
(g,h) P concentration of Plantago lanceolata 
inoculated with Rhizophagus irregularis 
in comparison to non- inoculated control 
plants after 8 weeks growth (a,c,e,g), and 
with BEG cultures (Acaulospora longula, 
Funneliformis mosseae, and Scutellospora 
calospora) in comparison to non- 
inoculated control plants after 12 weeks 
growth (b,d,f,h). Coarse mesh (CM) and 
fine mesh (FM) denotes coarse mesh and 
fine mesh treatments, respectively. Boxes 
show the 25th and 75th percentile values, 
the black line within the boxes shows the 
median value, the cross shows the mean 
value and whisker bars show the minimum 
and maximum values. Values that do not 
share lowercase letters are significantly 
different (p < .05)
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that significantly increased 232Th concentration in FM treated roots 
(Figure 4d) although shoot 232Th content was undetectable.
3.3 | Effect of AMF colonisation on essential 
nutrient accumulation into P. lanceolata
After 8 weeks growth, P concentration in shoots and roots were not 
significantly different between CM and FM treatments, and there 
was no difference between the presence and absence of R. irregularis 
(Figure 2). Likewise, inoculation by any of the BEG cultures did not sig-
nificantly alter the shoot P accumulation (Figure 2f); however, the ad-
dition of A. longula gave significantly higher P concentration in roots 
from the FM treatments than all other FM treatments (Figure 2h). A. 
longula CM root P concentration values were significantly higher than 
the same treatment inoculated with S. calospora. Concentrations of 
calcium (Ca), potassium (K), sulphur (S) and magnesium (Mg) in shoots 
were unaffected by any AMF treatments, except for the R. irregularis 
FM treatment where K concentration was higher than the FM con-
trol (Figure S7). Some of the root macronutrients were affected by 
fungal inoculation. All BEG cultures induced significantly decreased 
K concentration for the FM treatments compared with the control 
(Figure 5). Ca concentration was significantly higher in A. longula roots 
compared to the control for both CM and FM treatments (Figure 5b) 
while F. mosseae inoculation reduced S concentration (Figure 5h).
Micronutrients including manganese (Mn), zinc (Zn), copper (Cu) 
and iron (Fe) were also examined. Inoculation by R. irregularis sig-
nificantly increased Cu concentration in the roots of the CM treat-
ment plants (Figure S8) but there was no difference in shoots, while 
F. mosseae significantly increased Cu concentration in shoots of both 
FM and CM plants (Figure 6a). A. longula significantly decreased Mn 
concentration in FM plant shoots, while this fungal culture gave rise 
F I G U R E  3   Concentrations of non- 
essential elements U, Th, As and Pb 
in shoots (a,c,e,g) and roots (b,d,f,h) 
of Plantago lanceolata inoculated with 
Rhizophagus irregularis in comparison to 
non- inoculated control treatments after 
8 weeks growth. Coarse mesh (CM) and 
fine mesh (FM) denotes coarse mesh and 
fine mesh treatments, respectively. Boxes 
show the 25th and 75th percentile values, 
the black line within the boxes shows the 
median value, the cross shows the mean 
value and whisker bars show the minimum 
and maximum values. Values that do not 
share lowercase letters are significantly 
different (p < .05)
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to micronutrient changes within the roots; in particular, there was 
increased Zn concentration in the FM plants compared to the other 
inoculation treatments and significantly increased Fe concentration 
in CM and FM roots (Figure 6).
3.4 | PCA of element accumulation into P. lanceolata 
for all AMF species
To visualise and compare all of the non- essential and essential ele-
ment changes that were quantified in the plant tissues in response 
to AMF treatment, PCA was performed for shoot and root tissues 
separately (Figure 7). For both of the shoot and root biplots, over 
40% of the variation in the data was due to principal component 1 
(PC1), explained mostly by differences in concentration of essential 
elements, while variation on the basis of PC2 was explained mostly 
by differences in concentration of non- essential elements including 
U and As. There was separation between the two control samples 
(control- 1 for the R. irregularis experiment, and control- 2 for the BEG 
cultures experiment), which was especially evident in the shoot tis-
sue data (Figure 7a) and indicated that difference in growth period 
(8 weeks vs. 12 weeks) causes difference in the essential nutrient 
and non- essential element accumulation profile as the plant devel-
ops. There was greater overlap between AMF treatments within the 
shoot dataset, particularly with their respective controls. However, 
there was clear separation between five of the six FM plant samples 
inoculated with F. mosseae on the basis of PC2, and indicative of the 
enhanced shoot accumulation of U, Th and Pb (Figure 7a). In the root 
biplot there was clear separation between most of the AMF treat-
ments, particularly for A. longula and F. mosseae treatments on the 
basis of both PC1 and PC2 but in opposite directions from the con-
trol (Figure 7b). This further indicated the increase in concentration of 
F I G U R E  4   Concentrations of non- 
essential elements U, Th, As and Pb 
in shoots (a,c,e,g) and roots (b,d,f,h) 
of Plantago lanceolata inoculated with 
Acaulospora longula, Scutellospora 
calospora, and Funneliformis mosseae in 
comparison to non- inoculated control 
treatments after 12 weeks growth. Coarse 
mesh (CM) and fine mesh (FM) denotes 
coarse mesh and fine mesh treatments, 
respectively. Boxes show the 25th and 
75th percentile values, the black line 
within the boxes shows the median 
value, the cross shows the mean value 
and whisker bars show the minimum 
and maximum values. Values that do not 
share lowercase letters are significantly 
different (p < .05)
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multiple elements within A. longula roots, including Th and Zn, and the 
decrease in multiple elements, including Pb, within F. mosseae roots.
4  | DISCUSSION
4.1 | Contrasting profiles of radionuclide and metal 
accumulation induced by specific fungal species
The use of a compartmentalised growth system (Figure 1) has al-
lowed examination of the contribution of AMF to phytoaccumulation 
and root- to- shoot distribution of elements present in contaminated 
soil from the South Terras mine site. Care was taken here to steri-
lise the soil and sand used for plant growth, and although the fun-
gal inoculum used might have contained other microorganisms that 
could alter element bioavailability, we are confident that this study 
has predominantly examined the effects of AMF. Many of the plants 
growing naturally at South Terras are mycorrhizal, including associa-
tion with R. irregularis and Acaulospora sp., plus other members of the 
Glomeraceae family (Davies et al., 2018). However, from our previ-
ous field study, it was inconclusive if the presence of AMF explained 
the patterns of radionuclide and metal transfer into plants. While 
one- to- one AMF- to- plant interactions are atypical in the natural en-
vironment, this approach has allowed us to demonstrate that some 
fungal cultures can significantly alter plant element distribution but 
other cultures have no effect or very different effects (Figure 8). 
Furthermore, it was not simply the presence of AMF association 
that caused alterations in plant tissue element concentrations but 
whether access to the soil source was exclusively via AMF, as tested 
by the use of different mesh sizes. An alternative approach could 
have been the use of mesh cores that are twisted to severe hyphal 
connections (Johnson et al., 2001), but we felt that this approach 
F I G U R E  5   Concentrations of essential 
macronutrients Ca, Mg, K and S in shoots 
(a,c,e,g) and roots (b,d,f,h) of Plantago 
lanceolata inoculated with Acaulospora 
longula, Scutellospora calospora, and 
Funneliformis mosseae in comparison to 
non- inoculated control treatments after 
12 weeks growth. Coarse mesh (CM) and 
fine mesh (FM) denotes coarse mesh and 
fine mesh treatments, respectively. Boxes 
show the 25th and 75th percentile values, 
the black line within the boxes shows the 
median value, the cross shows the mean 
value and whisker bars show the minimum 
and maximum values. Values that do not 
share lowercase letters are significantly 
different (p < .05)
ROSAS- MORENO Et Al.|    674
would have been more disruptive. In particular, we found that inocu-
lation with F. mosseae increased partitioning of radionuclides (238U 
and 232Th) and metals (As, Pb, Cu) in shoots when only hyphae were 
able to access the contaminated soil (Figures 4 and 6). Furthermore, 
the presence of F. mosseae reduced 238U and Pb concentrations in 
roots. In contrast, there were no equivalent shoot or root changes 
for any of these elements following A. longula and S. calospora inocu-
lation, and only As concentration was enhanced in shoots following 
R. irregularis inoculation (Figure 3).
Funneliformis mosseae appears to be efficient at scavenging po-
tentially toxic elements from the soil. When the fern Pteris vittata was 
colonised with F. mosseae (=Glomus mosseae), As and U accumulated 
into the roots but with very little translocation to aboveground fronds 
(Chen et al., 2006). Similarly, Oryza sativa associated with F. mosseae 
showed an increased capacity to bind Cu to root cell walls although 
the total root and shoot Cu concentration was reduced compared to 
non- mycorrhizal rice, thus reducing toxicity to elevated Cu (Zhang 
et al., 2009). Similarly, P. lanceolata inoculated with Funneliformis geos-
porum had reduced root and shoot As and Pb concentrations (Orłowska 
et al., 2012). Therefore, while the F. mosseae- induced restriction of 
238U and Pb in this experiment in P. lanceolata roots is similar to root 
metal restriction observed in other studies, the increase of metals and 
radionuclides in F. mosseae- associated P. lanceolata shoots is unusual. 
However, this did not appear to induce any toxicity and these plants 
did not display any reduction in root or shoot biomass (Figure 2).
Acaulospora longula also yielded plant responses that were dis-
tinct from the other three fungal cultures by inducing increased 
root concentration of 232Th and various other metals (Ca, Fe, and 
Zn; Figure 8). In addition, this culture induced higher P accumulation 
in P. lanceolata roots. This could indicate that all or some of these 
elements are phytoaccumulated via shared pathways. Fe2+ and Zn2+ 
transport into extraradical mycelia and subsequent transfer into 
F I G U R E  6   Concentrations of 
essential micronutrients Cu, Fe, Mn 
and Zn in shoots (a,c,e,g) and roots 
(b,d,f,h) of Plantago lanceolata inoculated 
with Acaulospora longula, Scutellospora 
calospora, and Funneliformis mosseae in 
comparison to non- inoculated control 
treatments after 12 weeks growth. Coarse 
mesh (CM) and fine mesh (FM) denotes 
coarse mesh and fine mesh treatments, 
respectively. Boxes show the 25th and 
75th percentile values, the black line 
within the boxes shows the median 
value, the cross shows the mean value 
and whisker bars show the minimum 
and maximum values. Values that do not 
share lowercase letters are significantly 
different (p < .05)
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plant root cells are likely to be mediated via conserved cation trans-
porters (Tamayo et al., 2014), some of which may be regulated by 
phosphate status (Xie et al., 2019), but none of these proteins have 
been previously associated with Th. Th uptake into plants, probably 
as Th4+, is controlled by external phosphate availability such that low 
external phosphate concentration increases Th uptake into Nicotiana 
tabacum roots (Soudek et al., 2013). The presence of phosphate and 
Fe inhibits Th uptake, yet Ca facilitates Th uptake into Brassica jun-
cea roots (Wang et al., 2015). Whether Th transfer into AMF shares 
similar characteristics is unknown.
4.2 | Plant responses to R. irregularis may be 
host specific
Many previous studies examining AMF mediated radionuclide and 
metal transfer used R. irregularis. In most cases, this fungal species is 
able to enhance root retention of elements and restrict shoot accu-
mulation. For example, altered root:shoot ratio for U was observed 
in Trifolium subterraneum, Medicago truncatula and Hordeum vulgare 
inoculated with R. irregularis (Chen, Jakobsen, et al., 2005; Chen, 
Ross, et al., 2005; Rufyikiri et al., 2004), and the same response was 
seen for Th in mycorrhizal M. truncatula (Roos & Jakobsen, 2008). 
In contrast, R. irregularis inoculated Lolium perenne showed minimal 
change in root and shoot U concentration (Chen et al., 2008) while 
R. irregularis inoculated P. vittata showed increased shoot and root 
U concentration (Chen et al., 2006). The association of R. irregu-
laris with P. lanceolata in our study had no significant influence on 
the accumulation of non- essential elements relative to the control, 
apart from some shoot As concentration changes (Figure 3). Thus, 
the diversity of responses to R. irregularis inoculation will depend 
on the host plant, which is in agreement with previous observations 
that behaviours vary with each fungus– plant combination (Helgason 
et al., 2002). However, a previous study found that R. irregularis inoc-
ulation of P. lanceolata led to significant reduction in root and shoot 
As and Pb, reduction in root P and increase in root Zn (Orłowska 
et al., 2012), in contrast with our observations. Differences in metal 
concentration and other abiotic characteristics of the source soil 
would likely explain the variation between studies. Another key dif-
ference is that while we grew R. irregularis- inoculated P. lanceolata 
for 8 weeks, Orłowska et al. (2012) grew their plants for 16 weeks, 
therefore temporal differences would likely be important. Finally, 
previous studies with R. irregularis have used strains other than 
DAOM197198, and therefore this could also explain the differences 
between them.
4.3 | No relationship between element 
partitioning and biomass changes
It was perhaps surprising that none of the fungal treatments gave 
a significant increase in root or shoot biomass (Figure 2). This is 
distinct from other similar studies; the two- compartment growth 
system used here was analogous to that used by Chen, Jakobsen, 
et al. (2005) who found significant increase in root and shoot biomass 
of M. truncatula by nearly twofold following R. irregularis inoculation. 
F I G U R E  7   Principal component analysis (PCA) biplots (left) 
and loading plots (right) comparing element changes in Plantago 
lanceolata shoots (a) and roots (b) inoculated with Rhizophagus 
irregularis (R.i.) compared to the non- inoculated control (Cont.- 1) 
after 8 weeks growth, and with Acaulospora longula (A.l.), 
Scutellospora calospora (S.c.), and Funneliformis mosseae (F.m.) 
compared to the non- inoculated control (Cont.- 2) after 12 weeks 
growth. The 13 element variables include non- essential elements 
(U, Th, As and Pb) indicated by red loading vectors, essential 
macronutrients (Ca, Mg, K, P and S) indicated by green loading 
vectors, and essential micronutrients (Cu, Fe, Mn and Zn) indicated 
by blue loading vectors
F I G U R E  8   Summary of the element changes in Plantago 
lanceolata roots and shoots inoculated with Rhizophagus irregularis, 
Acaulospora longula, Scutellospora calospora, and Funneliformis 
mosseae either when only hyphae or when both roots and hyphae 
could access the South Terras soil. Increases (red) or decreases 
(blue) in element concentration relative to the non- inoculated 
control treatment are indicated
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Likewise, comparison of different fungal species including two 
Rhizophagus spp. and a Funneliformis sp. showed that all substan-
tially increased P. lanceolata biomass (Orłowska et al., 2012). Instead 
we observed reductions in P. lanceolata root and shoot biomass for 
some AMF treatments (Figure 2). A negative impact on plant growth 
could be seen as a failure by a symbiont fungus to deliver a required 
nutrient to the plant and an excessive cost for the plant's carbon 
resources (Smith & Read, 2008). However, plant nutrient concen-
tration was not inhibited in the treatments that showed a biomass 
decrease. A long- term experiment would be required for a more 
complete picture of the role of these cultures during the plant's life 
stages. There was also no correlation between reduced biomass and 
higher concentration of potentially toxic elements. Indeed increased 
Th, U and Pb concentration in the F. mosseae inoculated plants was 
coupled with a slight increase in shoot biomass.
5  | CONCLUSIONS
Understanding how different AMF species may influence the phy-
toaccumulation and aboveground partitioning of potentially toxic 
elements such as radionuclides has implications for phytoreme-
diation applications and assessment of food chain transfer risk. 
Overall, these experiments have confirmed our hypothesis that 
AMF can significantly influence the transfer of non- essential ele-
ments into the host plant. Furthermore, they have highlighted the 
opposite roles of A. longula and F. mosseae in elemental uptake when 
associated with P. lanceolata. F. mosseae can transfer non- essential 
elements including 238U, 232Th and Pb to shoots whereas A. longula 
can concentrate elements including 232Th, Ca, Fe and Zn into roots. 
Identifying AMF cultures that can mediate alteration to 232Th is of 
interest and novel, as most previous AMF radionuclide studies have 
focused on U.
ACKNOWLEDG EMENTS
JRM was funded by a CONACyT PhD studentship from the 
Mexican government. Part of the study was funded by the NERC 
RATE (Radioactivity and the Environment) programme (grant num-
ber NE/L000547/1). We thank the Boconnoc Estate, Lostwithiel, 
Cornwall for allowing access to the South Terras site, and Prof Davey 
Jones (Bangor University) for permission to obtain soil from the 
Henfaes Research Centre, Bangor, Wales. We thank Paul Lythgoe 
(Manchester Analytical Geochemical Unit) for performing chemical 
analysis, Abby Ragazzon- Smith for technical support, Menghan Lu 
for soil preparation, James Dinsley for comments to the manuscript 
and Christopher Walker for advice and comments.
AUTHOR CONTRIBUTIONS
All authors designed the experiment, interpreted the data, and wrote 
the manuscript. JRM performed all experiments and data analysis.
ORCID
Jon K. Pittman  https://orcid.org/0000-0001-7197-1494 
R E FE R E N C E S
Beresford, N. A., Balonov, M., Beaugelin- Seiller, K., Brown, J., 
Copplestone, D., Hingston, J. L., Horyna, J., Hosseini, A., Howard, B. 
J., Kamboj, S., Nedveckaite, T., Olyslaegers, G., Sazykina, T., Vives i 
Batlle, J., Yankovich, T. L., & Yu, C. (2008). An international compar-
ison of models and approaches for the estimation of the radiologi-
cal exposure of non- human biota. Applied Radiation and Isotopes, 66, 
1745– 1749. https://doi.org/10.1016/j.aprad iso.2008.04.009
Chen, B., Jakobsen, I., Roos, P., & Zhu, Y. G. (2005). Effects of the mycor-
rhizal fungus Glomus intraradices on uranium uptake and accumula-
tion by Medicago truncatula L. from uranium- contaminated soil. Plant 
and Soil, 275, 349– 359. https://doi.org/10.1007/s1110 4- 005- 2888- x
Chen, B. D., Roos, P., Borggaard, O. K., Zhu, Y. G., & Jakobsen, I. (2005). 
Mycorrhiza and root hairs in barley enhance acquisition of phospho-
rus and uranium from phosphate rock but mycorrhiza decreases root 
to shoot uranium transfer. New Phytologist, 165, 591– 598. https://doi.
org/10.1111/j.1469- 8137.2004.01244.x
Chen, B., Roos, P., Zhu, Y. G., & Jakobsen, I. (2008). Arbuscular mycorrhi-
zas contribute to phyto stabilization of uranium in uranium mining 
tailings. Journal of Environmental Radioactivity, 99, 801– 810. https://
doi.org/10.1016/j.jenvr ad.2007.10.007
Chen, B. D., Zhu, Y. G., & Smith, F. A. (2006). Effects of arbuscular mycor-
rhizal inoculation on uranium and arsenic accumulation by Chinese 
brake fern (Pteris vittata L.) from a uranium mining- impacted soil. 
Chemosphere, 62, 1464– 1473. https://doi.org/10.1016/j.chemo 
sphere.2005.06.008
Davies, H. S., Cox, F., Robinson, C. H., & Pittman, J. K. (2015). Radioactivity 
and the environment: Technical approaches to understand the role of 
arbuscular mycorrhizal plants in radionuclide bioaccumulation. Frontiers 
in Plant Science, 6, 580. https://doi.org/10.3389/fpls.2015.00580
Davies, H. S., Rosas- Moreno, J., Cox, F., Lythgoe, P., Bewsher, A., Livens, 
F. R., Robinson, C. H., & Pittman, J. K. (2018). Multiple environmental 
factors influence 238U, 232Th and 226Ra bioaccumulation in arbuscular 
mycorrhizal- associated plants. Science of the Total Environment, 640– 
641, 921– 934. https://doi.org/10.1016/j.scito tenv.2018.05.370
Declerck, S., Dupré de Boulois, H., Bivort, C., & Delvaux, B. (2003). 
Extraradical mycelium of the arbuscular mycorrhizal fungus Glomus 
lamellosum can take up, accumulate and translocate radiocaesium 
under root- organ culture conditions. Environmental Microbiology, 5, 
510– 516. https://doi.org/10.1046/j.1462- 2920.2003.00445.x
Helgason, T., Merryweather, J., Denison, J., Wilson, P., Young, J., & 
Fitter, A. H. (2002). Selectivity and functional diversity in arbuscu-
lar mycorrhizas of co- occurring fungi and plants from a temperate 
deciduous woodland. Journal of Ecology, 90, 371– 384. https://doi.
org/10.1046/j.1365- 2745.2001.00674.x
Johnson, D., Leake, J. R., & Read, D. J. (2001). Novel in- growth core 
system enables functional studies of grassland mycorrhizal my-
celial networks. New Phytologist, 152, 555– 562. https://doi.
org/10.1046/j.0028- 646X.2001.00273.x
Koske, R. E., & Gemma, J. N. (1989). A modified procedure for staining 
roots to detect VA mycorrhizas. Mycological Research, 92, 486– 488. 
https://doi.org/10.1016/S0953 - 7562(89)80195 - 9
McGonigle, T. P., Miller, M. H., Evans, D. G., Fairchild, G. L., & Swan, 
J. A. (1990). A new method which gives an objective measure 
of colonization of roots by vesicular- arbuscular mycorrhizal 
fungi. New Phytologist, 115, 495– 501. https://doi.org/10.1111/
j.1469- 8137.1990.tb004 76.x
Orłowska, E., Godzik, B., & Turnau, K. (2012). Effect of different arbuscu-
lar mycorrhizal fungal isolates on growth and arsenic accumulation in 
Plantago lanceolata L. Environmental Pollution, 168, 121– 130. https://
doi.org/10.1016/j.envpol.2012.04.026
Redecker, D., Schüßler, A., Stockinger, H., Sidney, L. S., Morton, J. B., & 
Christopher, W. (2013). An evidence- based consensus for the classi-
fication of arbuscular mycorrhizal fungi (Glomeromycota). Mycorrhiza, 
23, 515– 531. https://doi.org/10.1007/s0057 2- 013- 0486- y
ROSAS- MORENO Et Al.      | 677
Roos, P., & Jakobsen, I. (2008). Arbuscular mycorrhiza reduces phyto-
extraction of uranium, thorium and other elements from phosphate 
rock. Journal of Environmental Radioactivity, 99, 811– 819. https://doi.
org/10.1016/j.jenvr ad.2007.10.018
Rufyikiri, G., Huysmans, L., Wannijn, J., Van Hees, M., Leyval, C., & 
Jakobsen, I. (2004). Arbuscular mycorrhizal fungi can decrease the 
uptake of uranium by subterranean clover grown at high levels of 
uranium in soil. Environmental Pollution, 130, 427– 436. https://doi.
org/10.1016/j.envpol.2003.12.021
Rufyikiri, G., Thiry, Y., Wang, L., Delvaux, B., & Declerck, S. (2002). Uranium 
uptake and translocation by the arbuscular mycorrhizal fungus, Glomus 
intraradices, under root- organ culture conditions. New Phytologist, 
156, 275– 281. https://doi.org/10.1046/j.1469- 8137.2002.00520.x
Saenen, E., Horemans, N., Vanhoudt, N., Vandenhove, H., Biermans, G., 
Van Hees, M., Wannijn, J., Vangronsveld, J., & Cuypers, A. (2013). 
Effects of pH on uranium uptake and oxidative stress responses in-
duced in Arabidopsis thaliana. Environmental Toxicology and Chemistry, 
32, 2125– 2133. https://doi.org/10.1002/etc.2290
Sánchez- Castro, I., Gianinazzi- Pearson, V., Cleyet- Marel, J. C., Baudoin, 
E., & van Tuinen, D. (2017). Glomeromycota communities survive 
extreme levels of metal toxicity in an orphan mining site. Science of 
the Total Environment, 598, 121– 128. https://doi.org/10.1016/j.scito 
tenv.2017.04.084
Schüßler, A., & Walker, C. (2011). Evolution of the ‘Plant- Symbiotic’ fungal 
phylum, Glomeromycota. In S. Pöggeler & J. Wöstemeyer (Eds.), The 
Mycota XIV: Evolution of fungi and fungal- like organisms (pp. 163– 185). 
Springer Verlag. https://doi.org/10.1007/978- 3- 642- 19974 - 5_7
Shtangeeva, I. (2010). Uptake of uranium and thorium by native and cul-
tivated plants. Journal of Environmental Radioactivity, 101, 458– 463. 
https://doi.org/10.1016/j.jenvr ad.2008.06.004
Smith, S. E., & Read, D. (2008). Mycorrhizal symbiosis. Academic Press.
Smith, S. E., Smith, F. A., & Jakobsen, I. (2003). Mycorrhizal fungi can 
dominate phosphate supply to plants irrespective of growth re-
sponses. Plant Physiology, 133, 16– 20. https://doi.org/10.1104/
pp.103.024380
Soudek, P., Kufner, D., Petrová, Š., Mihaljevič, M., & Vaněk, T. (2013). 
Composition of hydroponic medium affects thorium uptake 
by tobacco plants. Chemosphere, 92, 1090– 1098. https://doi.
org/10.1016/j.chemo sphere.2013.01.046
Spatafora, J. W., Chang, Y., Benny, G. L., Lazarus, K., Smith, M. E., Berbee, 
M. L., Bonito, G., Corradi, N., Grigoriev, I., Gryganskyi, A., James, T. 
Y., O’Donnell, K., Roberson, R. W., Taylor, T. N., Uehling, J., Vilgalys, 
R., White, M. M., & Stajich, J. E. (2016). A phylum- level phylogenetic 
classification of zygomycete fungi based on genome- scale data. 
Mycologia, 108, 1028– 1046. https://doi.org/10.3852/16- 042
Stockinger, H., Walker, C., & Schüßler, A. (2009). ‘Glomus intraradices 
DAOM197198’, a model fungus in arbuscular mycorrhiza research, is 
not Glomus intraradices. New Phytologist, 183, 1176– 1187. https://doi.
org/10.1111/j.1469- 8137.2009.02874.x
Tamayo, E., Gómez- Gallego, T., Azcón- Aguilar, C., & Ferrol, N. (2014). 
Genome- wide analysis of copper, iron and zinc transporters in the ar-
buscular mycorrhizal fungus Rhizophagus irregularis. Frontiers in Plant 
Science, 5, 547. https://doi.org/10.3389/fpls.2014.00547
van der Heijden, M. G. A., Boller, T., Wiemken, A., & Sanders, I. R. (2014). 
Different arbuscular mycorrhizal fungal species are potential deter-
minants of plant community. Ecology, 79, 2082– 2091. https://doi.
org/10.1890/0012- 9658
Walker, C. (2005). A simple blue staining technique for arbuscular mycor-
rhizal and other root- inhabiting fungi. Inoculum, 56, 68– 69.
Wang, D., Zhou, S., Liu, L., Du, L., Wang, J., Huang, Z., Ma, L., Ding, S., 
Zhang, D., Wang, R., Jin, Y., & Xia, C. (2015). The influence of differ-
ent hydroponic conditions on thorium uptake by Brassica juncea var. 
foliosa. Environmental Science and Pollution Research, 22, 6941– 6949. 
https://doi.org/10.1007/s1135 6- 014- 3914- 4
Weiersbye, M., Straker, C. J., & Przybylowicz, W. J. (1999). Micro- PIXE 
mapping of elemental distribution in arbuscular mycorrhizal roots 
of the grass, Cynodon dactylon, from gold and uranium mine tailings. 
Nuclear Instruments and Methods in Physics Research, Section B: Beam 
Interactions with Materials and Atoms, 158, 335– 343. https://doi.
org/10.1016/S0168 - 583X(99)00467 - X
Willey, N. J. (2014). Soil to plant transfer of radionuclides: Predicting 
the fate of multiple radioisotopes in plants. Journal of Environmental 
Radioactivity, 133, 31– 34. https://doi.org/10.1016/j.jenvr 
ad.2013.07.023
Xie, X., Hu, W., Fan, X., Chen, H., & Tang, M. (2019). Interactions be-
tween phosphorus, zinc, and iron homeostasis in non- mycorrhizal 
and mycorrhizal plants. Frontiers in Plant Science, 10, 1172. https://
doi.org/10.3389/fpls.2019.01172
Zhang, X. H., Lin, A. J., Gao, Y. L., Reid, R. J., Wong, M. H., & Zhu, Y. G. 
(2009). Arbuscular mycorrhizal colonisation increases copper bind-
ing capacity of root cell walls of Oryza sativa L. and reduces cop-
per uptake. Soil Biology and Biochemistry, 41, 930– 935. https://doi.
org/10.1016/j.soilb io.2008.08.011
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Rosas- Moreno J., Pittman J. K., & 
Robinson C. H. (2021). Specific arbuscular mycorrhizal fungal–  plant 
interactions determine radionuclide and metal transfer into 
Plantago lanceolata. Plants, People, Planet , 
https://doi.org/10.1002/ppp3.10185
ROSAS- MORENO Et Al.|    678
(5), 667–678. 3
